Tensile deformation was carried out for a mechanically milled Al-1.1 mol%Mg-1.2 mol%Cu alloy at temperatures of 523-823 K and a true strain rate of 1 Â 10 0 s À1 . The largest uniform elongation prior to local necking occurred at an intermediate temperature (748 K). This temperature dependence of the uniform elongation was analyzed from a strain hardening viewpoint in which the balance of the stored dislocations and the thermal recovery of them is responsible for maintaining a high mobile dislocation density that is exclusively temperaturedependent to sustain a large uniform elongation. It was found that thermal activation process of liberating unlocked immobile dislocations from solute atmosphere is responsible for the temperature dependence of thermal recovery of stored dislocations. The same process applies for the deformation parameters such as the re-mobilization probability of immobile dislocations and the mobile dislocation density that were previously obtained from the analysis of stress-strain behavior on a basis of dislocation dynamics. An activation energy of approximately 32 kJ/mol is equivalent to the vacancy migration energy in aluminum minus the binding energy between a vacancy and a solute atom of magnesium or copper.
Introduction
Tensile deformation for several kinds of powder-metallurgy aluminum alloys with a submicron grain size has shown that an enormous, superplastic elongation occurs neither at the highest temperature nor at the slowest strain rate; it occurs at an intermediate temperature around 750 K and an intermediate strain rate of the order of 10 0 s À1 . [1] [2] [3] [4] In fact, when a powder-metallurgy Al-1.1Mg-1.2Cu (mol%) alloy produced by mechanical milling (MM) was deformed in tension at temperatures of 523-823 K and at true strain rates of 1 Â 10 À3 À 5 Â 10 0 s À1 , the present authors have shown that the largest uniform elongation ($1:3 in true strain, 270% in nominal strain) is observed at an intermediate temperature of 748 K and an intermediate strain rate of 1 Â 10 0 s À1 . 5) This experimental fact tells us that the deformation mechanism causing such an enormous elongation is not grain boundary sliding that prefers a combination of higher temperature and slower strain rate for the repair of structural defects by diffusion. Accordingly, the most probable mechanism for such high temperature and high strain rate deformation in the MM Al-1.1Mg-1.2Cu (mol%) alloy would be a dislocation mechanism that is related to immobilization and re-mobilization of dislocations in the grain matrix.
Based on the dislocation dynamics and using an expression for immobile dislocation density proposed by Bergström, 6 ) a constitutive equation was deduced for the true stress -true strain " relation as:
Accordingly, -" curves can be computer-simulated by using a non-linear curve fitting software ''Peakfit'' provided from Jandel Scientific with seven variables of 0 , m , B, n, U, and 0 . Here, Ã and are thermal and athermal components of flow stress, respectively, im the immobile dislocation density, 0 the stress required for dislocations to have velocity B, m the mobile dislocation density, B a constant having a unit of (m/s), n the dislocation velocitystress exponent, U the immobilization rate of dislocations, the re-mobilization probability of immobile dislocations and 0 the initial dislocation density at macroscopic yielding (at nearly zero strain). Further, , and b are a constant, the shear modulus and the Burgers vector, respectively. The -" curves of MM Al-1.1Mg-1.2Cu (mol%) alloy were analyzed by computer simulation using eq. (1) for determining deformation parameters as functions of temperature and strain rate, and the simulation results indicated that a large value of and resultingly a large value of m are responsible for the occurrence of enormous, uniform elongation. 5) Further, the strain rate sensitivity m (¼ @ ln =@ ln _ " " that certainly depends on strain 5) ) and the strain hardening parameter (¼ @ ln =@") in Hart's criterion of m þ ! 1 for plastic stability 7) were descriptively correlated with the deformation parameters, and the criterion was finally expressed as: 8) A þ B expðÀ"Þ ! fðD expð"Þ þ CÞ=ðbÞg where A ¼ U=, B ¼ 0 À ðU=Þ, C ¼ Ã fð1=nÞ À 1g and D ¼ fbð 0 Þ 1=2 À Cg. By using the deformation parameters obtained previously 5) and plotting the left-hand side and right-hand side of eq. (2) as a function of strain ", the maximum of uniform strain was graphically estimated as the intersection of two curves, and a reasonable agreement was found between the estimated and visually observed values of uniform elongation prior to local necking. These previous works 5, 8) verifies that the constitutive equation of eq. (1) can provide important parameters that describe the plastic deformation well.
Another aspect for understanding plastic deformation at high temperatures is the thermal recovery accompanied by dislocation annihilation; a high mobile dislocation density necessary for sustaining the uniform deformation may be maintained by the balance of an increase in dislocation density due to straining and its decrease due to thermal recovery. In the present work, true stress-true strain curves of the MM Al-1.1Mg-1.2Cu (mol%) alloy were analyzed from such a strain hardening viewpoint in which both the storage of dislocations and the thermal recovery of them are taken into account. The objective of the present paper is to look into the deformation process in more detail from a viewpoint of the balance of mobile and immobile dislocation densities during straining at a true strain rate of 1 Â 10 0 s À1 as a function of temperature (523-823 K). Further, the results of analysis were compared with those previously obtained from the simulation based on dislocation dynamics.
5)

Experimental Procedure
Material and method of tensile test
Material and method of tensile test were described in detail in a previous paper, 5 ) so these will be mentioned again only briefly.
A mechanically milled, powder-metallurgy Al-1.1 mol%Mg-1.2 mol%Cu alloy used in the present work has a fully recovered, well-defined but still fine grained (submicron in diameter) structure. Grain coarsening did not occur during high temperature deformation because of the presence of fine, uniformly dispersed Al 2 O 3 and Al 4 C 3 particles ($35 nm in size and $7:5% in volume fraction) formed during mechanical milling and subsequent hightemperature treatment.
Specimens with the gauge length of 6 mm, 4 mm in width and 1 mm in thickness were subjected to tensile deformation at temperatures of 523 to 823 K on a hydraulic testing machine in which the true strain rate of 1 Â 10 0 s À1 was kept constant during deformation. The onset of local necking could be observed by continually recording the gauge section using a high speed camera.
Method of computer simulation from a strain
hardening viewpoint During deformation, the actual dislocation density increases with strain ", and it is expected that the rate of increasing dislocation density (strain hardening) depends on temperature. Here, the rate (d=d") is supposed to consist of two major terms due to the storage of dislocations (A 0 þ B 0 p ) and the thermal recovery of immobile dislocations (ÀC 0 ), and is defined as:
where A 0 , B 0 and C 0 are constants depending on temperature. The value of mobile dislocation density m is kept constant during deformation at a constant true stain rate.
5) Accordingly, at a given temperature, the values of d=d" are calculated as d im =d" ¼ d½fð À Ã Þ=ðbÞg 2 =d" ( im : immobile dislocation density) as a function of " from the experimentally obtained stress-strain curve. Further, (¼ m þ im ) is certainly a function of ", so d=d" is uniquely represented as a function of . The computer simulation of the d=d" vs behavior was carried out with three variables A 0 , B 0 and C 0 in eq. (3) by using a non-linear curve fitting software ''Peakfit'' provided from Jandel Scientific. By repeating simulations, these parameters could be converged into unique values.
Results and Discussion
Stress-strain behaviors and simulation results based
on dislocation dynamics Figure 1 shows the true stress-true strain curves up to the maximum stresses at which macroscopic local necking starts, in tensile deformation at a constant true strain rate of 1 Â 10 0 s À1 as a function of temperature (523-823 K). The large uniform elongation up to onset of local necking occurs not at the highest temperature but at an intermediate temperature of 748 K. This result again contradicts the expectation that superplastic elongation occurs by grain boundary sliding at the highest temperature. Accordingly the stress-srain behaviors were analyzed from a viewpoint of dislocation dynamics using eq. (1).
The computer simulation was carried out by using a nonlinear curve fitting software ''Peakfit'' for eq. (1). In the equation, a constant , the shear modulus and the Burgers vector b were taken to be 0.4 (as for high temperature deformation of an Al-Mg alloy 11) ), 21.7 GPa for example at 748 K which is calculated from E/2(1+) (E the Young's modulus for Al 12) and the Poisson's ratio of 0.33) and 0.2894 nm which is estimated from the lattice parameter for Al at ambient temperature and the linear expansion coefficient of 23:5 Â 10 À6 K À1 , respectively. The entire results of simulation were presented in a previous paper, 5) and here some simulated parameters necessary for the present work are reproduced in Table 1 along with uniform elongation prior to local necking " unif . Since the apparent strain rate sensitivity m was not constant during deformation but decreased with increasing strain even in a constant true strain rate, 5) the values obtained by the interpolation to zero strain, m 0 , are also listed in Table 1 . It is clearly seen from this table that the observed uniform elongation attained prior to local necking " unif shows a very intimate relation exclusively to re-mobilization probability of immobile dislocations , mobile dislocation density m and strain rate sensitivity at yielding m 0 .
Simulation results obtained from a strain hardening
viewpoint Let us discuss here the change in dislocation density during straining. Figure 2 shows relations between the increasing rate of dislocation density with strain, d=d" and the dislocation density, as a function of temperature. It is seen that the value of d=d" is lower at higher temperature and tends to decrease with increasing , that is with increasing strain, at each temperature.
The d=d" vs curve obtained in tension at a constant true strain rate could be described by a single simulated curve. Examples of the result are shown in Figs. 3(a) , (b) and (c) for tests made at 623, 748 and 823 K, respectively. At each temperature, a single simulated d=d" vs curve passes through the data points up to the maximum level (that is, up to the strain corresponding to the maximum stress), indicating that the three variables A 0 , B 0 and C 0 are independent of strain. For other temperatures, too, the data points could simply be covered by a single curve up to the maximum stress level.
The simulation parameters A 0 , B 0 and C 0 in eq. (3) are summarized in Table 2 as a function of temperature, T along with uniform strain, " unif and deformation parameters of mobile dislocation density, m and re-mobilization probability of immobile dislocations, . It is clearly seen from this table that the constant, A 0 decreases monotonously with increasing temperature and the constant, B 0 does not vary much with temperature. But the constant, C 0 increases with increasing temperature up to 748 K exhibiting a maximum value and then starts to decline upon further increase in temperature. This behavior of C 0 vs T is almost similar to that for " unif , suggesting that the thermal recovery of dislocations is playing an important role in stabilizing uniform straining. Representative curves showing behaviors of dislocation densities due to strain hardening, storage and recovery against their actual (total) density are depicted in Fig. 4 in a log-log plot for tension at 623, 748 and 823 K. As mentioned before, the maximum uniform elongation was obtained at the intermediate temperature of 748 K. First the actual decrease in d=d" marked with closed circles is steeper at 748 K than at 623 and 823 K. On the other hand, the storage of dislocations marked with open circles that contributes to work hardening is noticed, though not so remarkably, to occur more quickly with increasing at 748 K than at 623 and 823 K. The difference between the stored density and the actual d=d" is the thermal recovery of immobile dislocations that contributes to the reduction of dislocation density in the grain matrix so that the abrupt increase in dislocation density is suspended. This recovery marked by open triangles amounts to about 1/3 of stored density at the maximum stress (that is, at maximum ) at 748 K while these are almost an order of magnitude smaller compared to their stored densities at 623 and 823 K. In other words, the larger uniform strain at 748 K is due to the balance of immobile and mobile dislocations in the grain matrix; a higher mobile dislocation density at 748 K is sustained for continuous increase in strain hardening by the thermal reduction of immobile dislocations in the matrix that contributes for lowering the excessive strain hardening. Accordingly it may be concluded that the thermal recovery of immobile dislocations would provide more space for a larger mobile dislocation density.
3.3 Dependence of the uniform strain, " unif on the mobile dislocation density, m , the re-mobilization probability, and the recovery constant, C
0
It was shown in a previous work on the high temperature deformation of polycrystalline pure Al 13) that the thermal recovery due to annihilation of lattice dislocations into grain boundaries largely reduces the flow stress at the later stage of deformation. However, this sort of recovery was scarcely found in the high temperature deformation of an Al-2.92 mol%Mg solid solution alloy in which the deformation is principally controlled by the viscous motion of individual dislocations within the grains.
11) Therefore, also for the high temperature deformation of MM Al-1.1 mol%Mg-1.2 mol%Cu alloy used in the present work, it may be sufficient if only the recovery due to dislocation annihilation within the grains is considered. This means that the effect of such recovery on the stress-strain behavior is included in the values of deformation parameters obtained from the dislocation dynamics viewpoint, indicating the validity of the comparison of the recovery constant, C 0 with the recoveryrelated deformation parameters listed in Table 1 .
So far it has been realized that the uniform strain, " unif depends not only on the mobile dislocation density, m and the re-mobilization probability of immobile dislocations, but also on the recovery constant, C 0 . Figure 5 shows these dependences, where the parameters of m , and C 0 are plotted against " unif . In the log-log plots, a straight line can be drawn through the data points for the respective parameter and these straight lines are parallel with one another. Further, the largest uniform strain always corresponds to the maxima of these parameters at 748 K. It is easily understood that for the larger uniform straining the larger mobile dislocation density is required, but these mobile dislocations are eventually immobilized by solute atoms, resulting in a larger density of unlocked (not strongly pinned down by a highly concentrated atmosphere of solute atoms) immobile dislocations. Therefore, the unlocked dislocations are re-mobilized to keep a constant mobile dislocation density during deformation, suggesting that the uniform strain, " unif is closely related to the parameter, . However, an increase in mobile dislocation density as a result of re-mobilization tends to increase the strain hardening. To avoid the abrupt increase in strain hardening, the excessive dislocations have to be decreased by the thermal recovery of dislocations so that the optimum dislocation density including both immobile and mobile dislocations must be kept. Accordingly, the uniform strain, " unif depends on the recovery constant, C 0 .
Inter-relations of m , and C
0
In the preceding section it has been clearly shown that the uniform strain, " unif depends on m , and C 0 in the same manner. Depicted in Fig. 6 are the inter-relations of these three parameters, in a log-log plot. All these inter-relations can be described by straight lines in parallel with the same slope of $1, indicating that they are closely inter-related. Again, in order to maintain the constant mobile dislocation density m that is required for a constant true strain rate test, loosely held immobile dislocations by solute atmosphere need to be liberated so that m has a close relation to . But if this liberation is excessive to increase the mobile dislocations too much, excessive strain hardening occurs. Accordingly to maintain the constant mobile dislocation density, excessively increased dislocations must be removed by the thermal recovery so that m is again closely inter-related to the recovery constant C 0 . (1), that is temperature dependent as seen in Table 1 . It has already be shown that is temperature dependent 5, 14) since the re-mobilization of unlocked immobile dislocations occurs by their escaping from the solute atmosphere. The thermal recovery of dislocations must take place by annihilating mobile dislocations. Figure 7 shows Arrhenius plots of m , and C 0 against the reciprocal of temperature, 1=T. Straight lines can be drawn through the data points for the respective parameter almost in parallel each other at and below 748 K, indicating the existence of a single thermally activated process controlling these parameters. The slope of straight lines gives an identical activation energy of 32 AE 1 kJ/mol up to 748 K. This activation energy has been obtained previously for the temperature dependence of , 5) and the magnitude of this activation energy is close to the vacancy migration energy in aluminum ($0:6 eV 15) ) minus the binding energy between a vacancy and a solute atom (Mg or Cu, $0:2 eV 16) ). Therefore, it is again concluded that an increase in the remobilization probability, and the resultant increase in the mobile dislocation density, m are due to the liberation of unlocked immobile dislocaitons from the solute atmosphere. Then thus liberated dislocations must be annihilated in order to maintain the mobile dislocation density constant; the recovery constant C 0 must have the same temperature dependence as those for the other parameters of m and .
The abrupt deviation of the straight line in this Arrhenius plot above 748 K can be considered to be due to unbalanced decreases in m , and C 0 , and the same thermal activation process as that in the temperature range of up to 748 K no longer prevails, and so the balance of two sides of eq. (2) cannot be maintained at larger strains. Most significantly a decrease in B value in eq. (2) is considered to result in a significant reduction of dislocation storage ability, along with rather sustained thermal recovery of dislocations, and so both m and im are reduced, especially im , eventually to decrease the strain hardening, d=d". In other words, the temperature dependence of the flow stress is almost proportional to that of the shear modulus, and the deformation is more or less of the athermal nature. 
Concluding Remarks
A mechanically milled Al-1.1 mol%Mg-1.2 mol%Cu alloy were deformed in tension at a true strain rate of 1 Â 10 0 s À1 and various temperatures of 523-823 K, and the largest uniform strain prior to local necking, " unif was obtained at an intermediate temperature of 748 K. True stress, -true strain, " curves were analyzed by computer simulation from a strain hardening viewpoint in which the balance of the stored dislocations and the thermal recovery of them is responsible for maintaining an appropriate mobile dislocation density, m to sustain a large " unif . In the simulation, the change in dislocation density with strain, d=d" was related to the storage of dislocations (A 0 þ B 0 p ) and the thermal recovery of dislocations (ÀC 0 ) where A 0 , B 0 and C 0 are constants and the actual dislocation density at respective strain, ". From the simulation of d=d" vs curves the constants A 0 , B 0 and C 0 were obtained. A parameter A 0 decreases monotonously with increasing temperature and a parameter B 0 stays about the same up to 748 K with substantial decrease at higher temperature. On the other hand, a parameter C 0 exhibits the maximum at 748 K. This trend indicates that the thermal recovery of dislocations plays an important role for maintaining a larger mobile dislocation density at 748 K to create a larger uniform elongation. This larger value of C 0 at this temperature is due to a larger value of the re-mobilization probability of immobile dislocations, which was previously obtained from the simulation of -" curves based on dislocation dynamics. It is concluded that the thermal recovery due to mutual annihilation of dislocations liberated from the solute atmosphere provides more space for a larger mobile dislocation density so that the sustained high density of mobile dislocations at this temperature can keep a reasonably high strain hardening rate. The parameters m , and C 0 show approximately the same temperature dependence with an activation energy of $32 kJ/mol, which is equivalent to the migration energy of vacancies in aluminum minus the binding energy of a vacancy and a solute atom of Mg or Cu.
